Apoptotic cell death was shown to be accompanied or preceded by an elevated expression of the c-fos protooncogene and DNA binding activity of transcription factor AP-1. We used Fos-de®cient mice to study the role of c-Fos during programmed cell death in the prostate. In normal mice apoptosis is induced in the prostate within 2 ± 4 days after castration. Histological features of reduced secretory activity and morphological signs of programmed cell death become obvious. No apparent decrease in secretory activity and no epithelial cell death were observed in Fos-de®cient animals after castration. Fragmentation of nuclear DNA was measured by in situ terminal transferase reaction. DNA fragmentation was observed in the prostate epithelium of control mice after castration whereas no similar fragmentation was found in Fos-de®cient animals. After castration an AP-1 complex accumulated in the prostate of Fos de®cient mice which mainly consists of FosB, Fra-2 and JunD whereas in control animals the AP-1 complex in addition contained c-Fos. Our data strongly suggest that c-Fos is required for programmed cell death of prostate epithelial cells.
Introduction
Programmed cell death (PCD) represents a vital mechanism for a physiological elimination of unnecessary or supernumerary cells in eukaryotes (Wyllie et al., 1980; Vaux, 1993; Wyllie, 1995) . In the adult PCD is an important process which is responsible for the elimination of self-reactive lymphocytes (Cohen, 1993) or the involution of the post-lactational mammary gland (Walker et al., 1989; Strange et al., 1992) . PCD often occurs by apoptosis, a morphologically and biochemically de®ned form of physiological cell elimination (Kerr et al., 1972) . Apoptosis is characterized by membrane blebbing, chromatin condensation, fragmentation of the cell body and phagocytosis by neighboring cells or macrophages (for reviews see Wyllie et al., 1980; Cohen, 1993; Schwartz and Osborne, 1993; Vaux, 1993; Wyllie, 1995) .
In many cases, apoptosis is an energy-dependent process requiring de novo protein synthesis. The process is often accompanied by an internucleosomal fragmentation of chromosomal DNA by speci®c Ca 2+ and Mg 2+ -dependent DNases (Wyllie et al., 1980; Arends et al., 1990; Giannakis et al., 1991; Peitsch et al., 1993) . The mechanisms by which PCD is regulated are under intensive investigation and several mediators of PCD have been identi®ed at various physiological levels. Several genes (e.g. WAF-1/Cip1 or GADD45) related to PCD are transcriptionally induced, while other components of the cell death machinery such as ICE-related proteases (caspases) may be expressed constitutively and become activated during cell death by a proteolytic process (Alnemri et al., 1996; Sukharev et al., 1997) .
The prostate is a glandular organ whose maintenance and secretory activity are dependent on androgen hormones produced in the adult testis. A castration-induced androgen depletion results in a cessation of secretory activity and a massive regression of the prostate within a few days (Colombel et al., 1992; Bielke et al., 1997) . The regressing prostate reveals several morphological and biochemical features of apoptotic cell death such as apoptotic bodies, fragmentation of chromosomal DNA and expression of genes that are expressed in the context of PCD in other systems (for review see Tenniswood et al., 1992) .
Several genes have been described that are upregulated in the prostate after castration including transcription factor genes, e.g. c-fos, c-myc and p53. In p53-null mice PCD is delayed and reduced but not completely inhibited suggesting that p53 contributes but is not essential for prostate epithelial cell death . In fact, this inhibition was only apparent in the early phase of regression and not at later stages (Berges et al., 1993; Furuya et al., 1995) . Bcl-2 ± an inhibitor of apoptosis ± is often overexpressed in prostate cancer cells (Colombel et al., 1993) making these cells resistant to various apoptosis-inducing agents including hormone ablation (Rao et al., 1995; Herrmann et al., 1997) . Recently, transgenic mice overexpressing Bcl-2 in the prostate were generated (Zhang et al., 1997) . Male animals show an accumulation of stromal and epithelial cells in the prostate. This phenomenon will be interesting to be analysed during castration-induced apoptosis.
Indirect evidence from several reports have suggested that the protooncogene c-fos may be a mediator of programmed cell death in vivo. The c-fos gene encodes a nuclear phosphoprotein of about 55kD that forms heterodimeric complexes with members of the jun family of proteins which constitute transcription factor AP-1 (Curran and Franza, 1988 ). An elevated level of c-fos expression was shown to precede the initiation of apoptosis in various tissues (Gonzales-Martin et al., 1992; Smeyne et al., 1992 Smeyne et al., , 1993 including the prostate (Buttyan et al., 1988; Colombel et al., 1992; Marti et al., 1994) . Recently, it was directly shown that light-induced PCD of photoreceptor cells in the retina is Fos dependent (Hafezi et al., 1997) .
In this study we used Fos-de®cient mice to demonstrate that c-Fos represents an essential component of a castration-induced PCD in the adult prostate and an accumulation of AP-1 that contains other members of the Fos family does not result in programmed cell death in the gland.
Results

Morphology and DNA fragmentation during involution of the prostate
The genotype of Fos-de®cient C57BL/6 mice (genotype Fos7/7) (Wang et al., 1992) and control mice (genotype Fos+/+ or +/7) was determined from genomic DNA by PCR using primers speci®c for the endogenous c-fos gene or the fos-neo transgene (data not shown). The prostate was morphologically examined in sham-operated control and Fos-de®cient mice 4d after surgery (Figure 1 ). The normal gland is characterized by a single layer of epithelial cells containing large nuclei with regions of euchromatin. The cells exhibit a cylindroid structure with ill de®ned apical cell borders typical for secretory activity ( Figure   Figure 1 Castration-induced regression of the ventral prostate. The ventral prostate was analysed from control (A, C and E) and Fos-de®cient animals (B, D and F). Shown are hematoxylin and eosin stained sections of prostates of non-castrated animals (panels A and B), and 4d after castration (panels C and D). The insets in panel C depict additional apoptotic cells in the gland. Overviews of the prostate 7d after castration are shown in panels E and F. The insets outline the cell morphology at higher magni®cation. The bar represents 25 mm (panels A ± D, and insets in panels C), the bar shown in insets of panels E and F represents 25 mm 1A). Four days after castration condensation of chromatin,¯attening of the cells and well de®ned luminal cell borders were observed suggesting a reduced secretory activity of these glands ( Figure 1C ). The appearance of nuclear condensation and apoptotic bodies ( Figure 1C insets) demonstrate apoptosis in the epithelium of these glands. The same analysis was performed on prostate derived from Fos-de®cient mice where the expression of Fos was abrogated by replacing part of the second exon and intron of the c-fos gene with a neomycin resistance gene (Wang et al., 1992) . The single layer of cylindroid epithelial cells exhibiting several characteristics of secretory activity was found in the tubular structures of the glands, both, without castration ( Figure 1B ) and at 4d after castration ( Figure 1D ). No morphological signs of apoptosis were evident in the prostate of Fos-de®cient animals after castration. The morphology of the prostate was also analysed seven days after castration. Atrophic, nearly missing layers of epithelial cells forming ectatic, tubular structures were seen in control mice ( Figure 1E ). Epithelial cells mainly revealed picnotic nuclei (panel E inset). In Fos-de®cient mice tubular structures with cuboidal epithelial cell layers containing regularly arranged nuclei were maintained at this stage ( Figure 1F overview and inset). However, an obvious periductal ®brosis had developed in the prostate of these Fos-de®cient mice.
It was previously shown that PCD in the prostate is accompanied by an oligonucleosomal fragmentation of DNA that can be visualized by an in situ terminal transferase reaction. DNA fragmentation was absent in epithelial cells of control and Fos-de®cient animals before castration (Figure 2A, B) . Terminal transferase positive nuclei were found at 2d after castration (data not shown) and 4d after castration in prostate epithelial cells derived from normal animals ( Figure  2C ) but not from Fos-de®cient animals 2d (not shown) and 4d after castration ( Figure 2D ) con®rming that PCD is absent or greatly reduced in prostate epithelial cells of Fos-de®cient mice after castration.
c-fos expression and AP-1 accumulation during involution in the prostate of control and Fos-de®cient animals Transcription factor AP-1 is a dimeric protein complex consisting of various Fos and Jun proteins. Previously, we demonstrated an induction of AP-1 during involution of the mouse mammary gland and the rat prostate and the complex was shown to contain c-Fos and JunD (Marti et al., 1994) . The expression of c-fos during involution was estimated in the mouse prostate by a reverse transcriptase-mediated PCR (RT ± PCR) using primers speci®c for exon 1 and exon 2 of the cfos gene (for details see Materials and methods). An upregulation of c-fos expression was detected in the control prostate 3 days after castration as compared to normal prostate (Figure 3 , lanes 1 and 2) while no c-fos speci®c transcripts were detected before and after castration in Fos-de®cient animals (lanes 3 and 4).
We determined the level of AP-1 by bandshift analyses and observed an induction of AP-1 in the regressing prostate of both, control and Fos de®cient mice ( Figure 4 , lanes 1 ± 4). The composition of the complex was characterized by antibody interference presence of c-Fos was found in addition to FosB and Fra-2 (lanes 5 ± 12). The fact that the total level of AP-1 during regression was similar in control and in Fosde®cient animals suggests that c-Fos is a necessity for PCD to occur and can not be substituted functionally by other Fos members.
Morphology and spermatogenesis of the testis in normal and Fos-de®cient mice Dierentiation and secretory activity of the prostate are dependent on male sexual hormones which start being produced by the testis at puberty. As testosterone in serum was below the level of detection we characterized spermatogenesis as a parameter of testis function. Histological sections were prepared from testis ( Figure 5A and B) and the epididymis ( Figure  5C and D) of normal (A and C) and Fos-de®cient mice (panels B and D). A similar morphology and the presence of various stages of sperm development including dierentiating spermatids and mature spermatozoa were observed in the testis and epididymis of both, control and Fos-de®cient animals. Recently, a testis-speci®c serine kinase (Tssk) was identi®ed which is expressed at a late stage of spermatogenesis. Tssk was shown to be speci®cally expressed in dierentiating spermatids and in residual bodies in the testis but not in immature spermatogonia or in mature spermatozoa (Kueng et al., 1997) . Tssk was used as a marker for sperm development in control and in Fos-de®cient animals. A similar level of Tssk expression was determined in control and in Fos-de®cient animals in the testis ( Figure 5E and F, respectively). In addition, areas with extensive cell division characteristic for developing primary spermatocytes were observed in both tissues. Based on these data a normal activity of Figure 3 c-fos expression in the prostate of control and Fosde®cient animals before and after castration. Expression of c-fos was determined by non-quantitative RT ± PCR from total RNA derived of wilddtype control (wt) and Fos-de®cient animals (Fos
7/7
) before (n) and 3 days after castration (c) as described in Materials and methods Figure 4 Composition of AP-1 complexes in the prostate of control and Fos-de®cient animals before and after castration. Nuclear extracts of prostates derived of wildtype control (wt, lanes 1-2, 5-12) and Fos-de®cient animals (Fos
, lanes 3 ± 4, 13 ± 26) were prepared from normal (odd numbers) and castrated animals 2 days after castration (even numbers). Extracts were incubated with an AP-1 speci®c oligonucleotide in the absence of antibody (lanes 1 ± 4) or in the presence of Fos-or Jun-speci®c antibodies as indicated. Unrelated Bcl-2 antibody was used as control (lanes 25 ± 26). The position of the shifted AP-1 complex is indicated the testis is very likely in control and in Fos-de®cient animals suggesting normal function and androgen production in animals which lack c-Fos.
Discussion
Apoptosis is a process that requires the coordinated action of numerous genes. Some of these genes may be constitutively expressed in the cells and their products become activated during PCD by speci®c cascades of proteolytic cleavages as was shown for several ICErelated proteases (caspases) (for review see Kumar, 1995) , others may be transcriptionally controlled. PCD in the hormone-ablated prostate is paralleled by an induction of various genes (Buttyan et al., 1988; , 1997) and it would seem reasonable that some of these genes are involved in the regulation or execution of cell death.
We studied the role of c-Fos during PCD of the hormone-ablated prostate by analysing normal and Fos-de®cient mice. Morphological changes and an attenuation of secretory activity were seen in control mice after castration but were mostly absent in Fosde®cient animals. While the epithelial structures progressively degrade within about one week after castration, well de®ned tubular structures formed by secretory epithelial cells are preserved in Fos-de®cient mice. An obvious periductal ®brosis developed in Fosde®cient animals after castration; its long term consequences on epithelial cell survival has not been studied in more detail. In situ terminal transferase assays indicative for DNA strand breaks were carried Figure 5 Morphology of the testis and epididymis in control and Fos-de®cient animals. Histological sections from testis (A, B, E, F) or epididymis (C and D) were stained with hematoxylin and eosin (A-D) or probed with an antibody directed against Tssk (E and F). Panels A, C and E represent control, panels B, D and F Fos-de®cient animals. The bar represents 50 mm out before and four days after castration. They were negative in the prostate of Fos-de®cient animals indicating an absence of DNA fragmentation in these glands. The DNA binding activity of transcription factor AP-1 was determined by bandshift analyses and antibody interference analyses. The overall level of AP-1 during regression was found to be similar in control and in Fos-de®cient animals. This was also observed previously in primary embryonic cell lines derived of these animals (Hu et al., 1994) . In Fos-de®cient animals the complex was shown to contain FosB, Fra-2 and JunD. In the regressing prostate of control mice a presence of c-Fos was found in addition to FosB, Fra-2 and JunD. Both, similar and distinct properties have been attributed to the dierent Fosrelated proteins (Foletta et al., 1994; Foletta, 1996) but the contribution of individual Fos members to PCD is largely unknown. The fact that PCD is impaired in Fos de®cient animals strongly suggests that a presence of cFos is indispensable during PCD and regression of the prostate.
AP-1 has been known for many years and its contribution to proliferation has been documented extensively (for review see Angel and Karin, 1991; Karin et al., 1997) . Several recent reports have suggested that AP-1 also contributes to PCD (for review see Jehn and Osborne, 1997). For example, an upregulation of c-fos expression was found in the nervous system before the occurrence of PCD (Smeyne et al., 1992; 1993) . AP-1 is activated during PCD in the post-lactational, involuting mammary gland where it probably contributes to the expression of several extracellular matrix-degrading metalloproteinases that are important for restructuring of the gland and probably also for PCD (Walker et al., 1989; Strange et al., 1992; Talhouk et al., 1992; Marti et al., 1994; Feng et al., 1995) . Experiments based on antibody or antisense oligonucleotide treatments of tissue cultures revealed a direct involvement of c-fos and c-jun during PCD in vitro (Estus et al., 1994; Preston et al., 1996; Bossy Wetzel et al., 1997) . A comparison of wildtype mice with Fos-de®cient mice recently revealed a direct involvement of AP-1 during retinal cell death after light exposure in vivo (Hafezi et al., 1997) . The fact that PCD can normally occur during embryonal development of Fos-de®cient animals indicates that distinct mechanisms regulate PCD and only some of them seem to depend on c-Fos (Gajate et al., 1996; Roer Tarlov et al., 1996) .
The mechanisms by which c-Fos mediates PCD in the prostate remain largely unknown. Studies have shown that a glucocorticoid-hormone treatment of animals inhibits regression of the prostate after castration (Rennie et al., 1989; Freeman et al., 1990) and involution of the mammary gland after weaning (Ossowski et al., 1979; Feng et al., 1995; Lund et al., 1996) . The hypothesis that these inhibitions might be mediated via an inactivation of AP-1 emerged primarily from in vitro studies where a functional impairment of AP-1 by ligand-activated glucocorticoid receptor was demonstrated in cell lines (Jonat et al., 1990; Lucibello et al., 1990; SchuÈ le et al., 1990; Shemshedini et al., 1991) . The data presented here demonstrate that an interference with AP-1 via inactivation of the c-fos gene in Fos-de®cient animals also impairs the involution process and PCD in the prostate corroborating that AP-1 is functionally involved in the regulation or execution of cell death.
Transcription factor AP-1 and c-fos in particular were studied in great detail in the past and both upstream regulators and downstream targets were identi®ed. Among the targets of AP-1 are genes whose function is primarily related to proliferation or cell cycle progression (for review see Riabowol et al., 1992) and genes that contribute to the digestion of the extracellular matrix, e.g. metalloproteases (Matrisian, 1990) . However, both processes are likely to play minor roles during prostate regression. Several potential target genes of AP-1 that may contribute to PCD have been described in the past, e.g. sulfated glycoprotein 2 (SGP-2), also termed TRPM (testosterone repressed prostate message) (Buttyan et al., 1988) , c-jun (Angel et al., 1988) , or TGF-b1 (Kim et al., 1990) . Whether their expression is aected in Fosde®cient animals has not been determined so far. Until now it is not established whether c-Fos directly contributes to PCD via established cell-death signaling pathways e.g. Fas or its ligand or by stimulating ICElike proteases (caspases). Several half-palindromes of the AP-1 response DNA elements and the presence of a perfect AP-1 response element were recently detected in the promoter region of the Fas ligand gene but their biological function has not been determined (D Green, personal communication) . The fact that AP-1 and cFos are not only active during PCD but may equally contribute to proliferation implies that AP-1 is not a simple trigger of cell death but rather a factor that contributes to several independent molecular processes including proliferation and cell death. Once activated it may contribute to PCD by maintaining or amplifying intracellular signaling processes which may be important for a complete execution of the process in vivo.
The data presented here indicate that c-Fos is required and can not be substituted by other members of Fos or Jun during prostate cell death. Further studies will be required to characterize whether a c-Fos containing AP-1 complex regulates the expression of a speci®c subset of AP-1 responsive genes that are critical for PCD.
Materials and methods
Manipulation of animals
Fos-de®cient C57BL/6 mice (genotype Fos7/7) and corresponding control mice (genotype Fos+/+ or +/7) were bred from heterozygous animals that were obtained from E Wagner (Wang et al., 1992) . The genotype of the animals was determined at the age of 3 weeks by PCR. As primers we used a fos-speci®c 5'primer (5'-GGGA-GAGCTTTTATCTCCGATGA-3'), a 3'fos-speci®c reverse primer (5'-GTGGAGATGGCTGTCACCG-3') corresponding to exon 2 (which is deleted in Fos-de®cient animals) and a neo-speci®c reverse primer (5'-TTCAGTGA-CAACGTCGAGCAC-3') (primers were from Amplimum, Madulain, Switzerland). Genomic DNA was isolated from 1 mm 2 ear fragments by proteinase K digestion (1 mg/ml) for 30 min at 558C, boiling for 5 min followed by 30 PCR cycles. Ampli®ed DNA was separated electrophoretically and fos-speci®c fragments (228 bp) and neo-speci®c fragments (464 bp) were identi®ed by size after ethidium bromide staining. Adult males were castrated or shamoperated and the ventral prostate was removed after 2, 3, 4 or 7 days. No dierences with respect to morphology and castration-induced cell death were observed between Fos +/+ and Fos +/7 animals.
Histological analysis, immunohistochemistry and terminal transferase reaction
Tissue samples were ®xed in 4% paraformaldehyde. Paran sections were stained with hematoxylin and eosin or treated for terminal transferase reactions using alkaline phosphatase coupled antibody for detection, essentially as previously described (Feng et al., 1995) . For immunohistochemistry sections were trypsin treated and non-speci®c binding was blocked using 5% bovine serum albumin in PBS. Sections were incubated with anity-puri®ed antibody directed against Tssk (Kueng et al., 1997) and detected with the peroxydase-coupled, anti rabbit swine immunoglobulin (DAKO, Glostrup, Denmark) using an AEC peroxides substrate kit (Vector Laboratories Inc., Burlingame, CA, USA).
RT ± PCR
RNA was extracted from the ventral prostate of normal animals and 3 days after castration using guanidinium thiocyanate (Chomczynski and Sacchi, 1987) . The integrity of the RNA was checked by agarose gel electrophoresis and 2 mg total RNA were reverse transcribed into cDNA using random prime synthesis (Boehringer, Mannheim, Germany). Single strand cDNA was used for PCR with a 5'-primer (5'-TGCCGGGCTTTCCCCAAAC-3') corresponding to position 726 to 78 relative to the translation start site, and a 3'-primer (5'-GTGGAGATGGCTGT-CACCG-3') speci®c for exon 2 (corresponding to position +187 to 206 relative to the translation start site). The product of the cDNA was 246 bp, while genomic DNA would give a product of 1021 bp. PCR was performed for 30 cycles (15 s 948C 15 s 628C, 15 s 728C) and the products were separated electrophoretically on an agarose gel, transferred to Hybond-N membrane (Amersham Life Science, Buckinghamshire, UK) and hybridized with a random prime labeled c-fos speci®c cDNA plasmid.
Bandshift analysis
Nuclear extracts were prepared from prostate derived from normal or 2d castrated control animals or Fos-de®cient animals as previously described (Marti et al., 1994) . Bandshift and antibody interference analyses were carried out with 5 mg nuclear extract using the conditions as described (Marti et al., 1994) .
Abbreviations ICE, interleukine-1b converting enzyme; PCD, programmed cell death; RT ± PCR, reverse transcriptasemediated polymerase chain reaction.
